The evolution of microstructure and the mechanical properties of cryo-rolled Zircaloy-4 were both investigated to understand the origin of the alloy's strength processed at a cryogenic temperature. The correlation of dislocation density, grain size and yield stress of the rolled product indicated that an increase in dislocation density due to the suppression of dynamic recovery is the primary source of strengthening.
2 products with better mechanical properties. Different processing routes involving: forging, extrusion, and pilgering have been developed over the years to fabricate components with improved in-reactor performance [3] . The aim of this work is to devise an alternate processing method and study its effect on the microstructure and mechanical properties of Zr4.
The development of severe plastic deformation (SPD) processes has received considerable attention over the past decades [4] . Metals and alloys processed by SPD are shown to have an ultra fine grain (UFG) structure with average grain size in the submicron range [4] [5] [6] . UFG materials produced via the SPD process exhibit superior properties of mechanical strength when compared to their coarse grain counterparts [7] [8] [9] . There are many methods to produce UFG alloys, including: cryo-rolling [10] [11] [12] [13] [14] , accumulative roll bonding (ARB) [15] , cryo-milling [16] , equal channel angular pressing (ECAP) [10, 13, 17] , multi-axial forging (MAF) [18, 19] etc.
Extensive research has been carried out on various UFG materials produced by different methods over the last three decades [4] [5] [6] [7] [8] [9] [10] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . The primary distinction between UFG materials produced by cryo-rolling and other UFG materials produced by SPD methods is the nature of the grain refinement process and, by extension, the character of the grain boundary. The hindrance of dynamic recovery is central to the process of grain refinement via cryo-rolling which is accomplished by straining the material at cryogenic temperatures. In the other SPD methods a continuous dynamic recovery/recrystallization caused by applying very high strain at ambient temperatures, contributes to the process of grain refinement. Cryo-rolling has been carried out on Al [12, 24] , Cu [25] [26] [27] , and Ti [28, 29] alloys. Recently, Guo et al. studied the mechanical properties and microstructure of the cryo-rolled Zr [30] [31] [32] [33] . Kamalnath et al. [34] and Goel et al. [35] reported their results on the investigation of cryo-rolling of Zircaloy-2. In this work, a nuclear grade Zr4 plate was rolled to different reductions using cryo-rolling. The microstructure 3 and mechanical properties of the rolled materials have been examined in detail with the aim to develop the understanding of the evolution of mechanical properties in a cryo-rolled sheet.
Experimental details
A 4.2 mm thick Zr4 plate with a nominal chemical composition of (Zr-1.5Sn-0.1Cr-0.2Fe) was used for this study. The plate was annealed at 760 C for 2 hours before rolling. The The EBSD measurements were taken by a FEI Quanta-3D-FEG scanning electron microscope using a Tex. SEM Ltd. -Orientation Imaging Microscopy (TSL-OIM) EBSD package. In each sample, an approximate area of 100 μm × 100 μm was scanned by the EBSD. Beam and video conditions were kept identical between the scans and a step size of 0.2 μm was used. In EBSD analyses, grains were identified based on a 15° misorientation criterion. Specimens for transmission electron microscopy (TEM) were prepared by twinjet electropolishing using an electrolyte consisting of a solution of 80% methanol and 20% perchloric acid at a temperature of −50 °C, using a voltage of 25 V. TEM studies were carried out using a JEOL 2000 FX microscope. Specimens for X-ray diffraction (XRD) were prepared from the rolled surface by slow polishing. XRD scans were recorded by a Bruker D8 diffractometer using step scan mode.
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A step size of 0.01 degree was used for these analyses. The time per step was 5 seconds. Tensile specimens with a gauge length of 10 mm were machined from the annealed and rolled plates along the rolling direction. Tensile tests were carried out using an Intron screw driven machine at a nominal strain rate of 110 -3 s -1 . Three samples were tested for each condition. are signs of grain fragmentation. However, due to large amount of strain accumulation at higher reductions most of the points are unindexed. The higher dislocation density at higher strain deteriorates the quality of the diffraction pattern due to the higher lattice distortion [36, 37] . The average grain size decreased to 3 m at 70% reduction. Fig. 1e shows the TEM image of the sample rolled to 70% reduction and regions of high dislocation population are evident in the microstructure. However, the estimation of microstructural parameters from the TEM images of heavily deformed samples is not straight forward [38] . XRD line profile analysis has emerged as a powerful tool to characterize the dislocation microstructure of deformed samples [39, 40] .
Results and discussions
XRD gives average information on the microstructure of the material from a relatively larger volume of the sample. Table 1 , along with the mean grain size from the EBSD. Domain size obtained from XRDLPA essentially represents the regions bounded by low angle boundaries. It is seen from Table 1 that domain size decreased due to rolling, while microstrain and dislocation density increased in consecutive rolling passes. Fig. 3a shows the engineering stress-strain curves of the annealed and rolled samples.
Intially annealed sample showed considerable work hardening and a higher ductility. With increasing rolling reduction there is an increase in yield stress (YS) and ultimate tensile stress 6 (UTS). However, ductility or percentage of total elongation (%EL) decreased due to rolling. Fig.   3b shows the variation of YS, UTS and %EL with rolling reduction. It is pertinent to note here that, pure Zr has been shown to exhibit increase in ductility after cryo rolling [45] . This is in contrary with the present observation in cryo rolled Zr 4. This may be attributed to the difference in microstructure (presence of precipitates in Zr 4) of two materials.
Estimation of strength:
The yield stress σ y of a material can be written as the sum of the hardening contributions from grain boundaries (Hall-Petch type) and that from dislocations within the subgrains/grains [46, 47] 
where σ o = 20 MPa [48] is the frictional stress of the Hall-Petch equation, α is a constant around 0.3 [48] , M = 4 is the Taylor factor [48] , G = 40 GPa is the shear modulus [48] , b is the magnitude of the Burgers vector, ρ is the total dislocation density contributing to dislocation forest strengthening, K HP is the Hall-Petch slope used here as 0.25 MPa m 0.5 [49] , and d is the average grain size.
The dislocation densities determined from the XRD line profile analysis and the average grain size values obtained from EBSD maps are used to estimate the 0.2% offset yield stress using eqn.
(1). The experimental results and estimated stress are compared in Fig. 4a where the contribution of different components of strengthening -the term σ o , the grain boundary term and the dislocation density term -are plotted as stacks. The bottom stack is σ o and is taken as a constant for all conditions. The second stack represents the grain boundary strengthening term and is a significant fraction of the total strength for the annealed sample but becomes a relatively smaller 7 fraction of the total strength of the 20, 50 and 70% rolled conditions. The third stack is the dislocation density term. This becomes relatively a significant fraction of the total strength for the cryo-rolled conditions. The above observations clearly indicate that strengthening due to dislocations is significant in cryo-rolled materials.
Grain size and work hardening:
The work hardening capability of the processed materials provides the resistance to tensile mechanical instabilities, thereby controlling ductility.
Thus it is essential to assess the effect of grain size achieved via an SPD method on the work hardening behavior of the processed material. Dependence of work hardening on the grain size of polycrystalline materials has been subject of investigation for a considerable amount of time [50] [51] [52] . In the present case, the plastic region of true stress vs. true strain tensile curves for deformed samples has been fitted with the Crussard-Jaoul [53] equation:
to determine the strain hardening exponent (n). Here   is the true stress at zero plastic strain.
The value of n essentially represents the work hardening capability of a material. Fig. 4b shows the variation of n with the grain size of the rolled samples and it is clear n decreases with decreasing grain size; exhibiting a power law dependence (n grain size 3.9 ). Rapid decrease in the value of n in deformed samples indicates that grain boundary deformation did not increase with decreasing grain size. Dislocations within the grains also play an important role in determining the work hardening behavior. Increase in dislocation density due to cryo rolling in Zr4 resulted in enhanced interaction among the dislocations. These two facts decreased the work hardening capability and lead to decreased ductility in the cryo rolled Zr4 samples. This paper has been focused on investigating the effect of cryo rolling on tensile properties of Zr4.
8
However, fracture toughness is another important mechanical property to be investigated in SPD materials. In the case of Zr, cryo rolling has been found to improve the fracture toughness [54] .
Thermal annealing has been employed to optimize the mechanical properties of different ultrafine grain metals and alloys produced via SPD [55, 56] . In most of the cases, annealing resulted in improved ductility with little loss in strength of the alloys. In case of cryo rolled Zr, annealing at 450 C yielded multimodal grain size distribution which lead to simultaneous increase of strength and toughness [31] . The effects of annealing on the microstructure and mechanical properties of Zr4 will be the subject of a future study.
Summary and Conclusions
To summarize, an annealed Zr4 plate has been rolled at cryogenic temperature to different reductions and the microstructures and mechanical properties of each of these reductions has been examined. This study indicates that the increased strength in the cryo-rolled sample is primarily due to a rise in dislocation density. However, decrease in grain size results in poor work hardening, leading to reduced ductility. 9.010 
